mainly characterized by phosphatidylcholines (PC), phosphatidylethanolamines (PE), lysophophosphatidylcholines (LysoPC), and lysophosphatidylethanolamines (LysoPE) in the liver, and by Cer, PE, and phosphatidylinositols (PI) in AT. Lipid class levels indicated that prepartal overfeeding elevated the concentration of PE, PI, LysoPC, LysoPE, and sphingomyelin in the liver, and increased the concentration of Cer in AT during the periparturient period. Conclusion Prepartal overfeeding significantly altered the concentrations of various sphingolipids, phospholipids, and lysophospholipids in the liver and AT of dairy cows during the periparturient period.
Introduction
Dairy cows suffer from negative energy balance during early lactation, which results from a combination of the increasing glucose requirement in lactating mammary glands and insufficient dry matter intake (DMI) (Drackley et al. 2005) . A series of physiological adaptions are mediated by insulin resistance (IR) to allocate the glucose, amino acids, and lipids to the tissue in demand in periparturient dairy cows (Bell and Bauman 1997) . The development of IR induces augmented hepatic gluconeogenesis, hepatic glycogenolysis, protein mobilization from skeletal muscle, and lipolysis in the adipose tissue (AT) (De Koster and Opsomer 2013; Hayirli 2006) . Although these alterations in the energy metabolism are usually physiological responses that affect the supply of the nutrients and energy that are increasingly required by the fetus and by the onset of lactation (Coppock 1985) , the response also increases 1 3 21 Page 2 of 14 the risk of metabolic disorders in the postparturient cows (Ingvartsen 2006) . These metabolic disorders include hepatic lipidosis and ketosis induced by the excessive mobilization of non-esterified fatty acids (NEFA) from the AT into the liver (Drackley et al. 1992; Reid 1980; Veenhuizen et al. 1991) .
Prepartal nutritional strategies affect the postpartal health of dairy cows as the periparturient physiological adaptions are related to the change in energy balance that occurs at periparturition (Douglas et al. 2006) . Prepartal oversupply of energy has been found to exacerbate the postpartal adipose mobilization, which is characterized by decreased lipogenesis and increased lipolysis in the AT and subsequent higher plasma NEFA levels after parturition (Nielsen et al. 2010; Rukkwamsuk et al. 1998; Selim et al. 2015) . As a result, excessive quantities of NEFA delivered to the liver promote hepatic lipogenesis through the activation of peroxisome proliferator-activated receptor alpha (PPARα) (Ji et al. 2012; Khan et al. 2014) . Prepartal overfeeding conversely decreases fatty acid oxidation capacity of the liver (Selim et al. 2014) . The combination of these changes potentially lead to the accumulation of triglycerides in the liver (Drackley et al. 2005; Loor et al. 2006) . These changes in lipid metabolism might be mediated by lower insulin sensitivity caused by prepartal overfeeding (Holtenius et al. 2003) .
The molecular mechanisms of IR have been studied most extensively in humans and rodents (Chavez and Summers 2010) . It is widely accepted that IR is closely associated with obesity (Kahn and Flier 2000) . Several lipid classes may serve as potential triggers of IR in humans and mice, including ceramides, sphingomyelins, phosphatidylcholines, phosphatidylethanolamines, phosphatidylinositols, phosphatidylserines, lysophophosphatidylcholines, lysophosphatidylethanolamines, and cholesterol esters, as their concentrations were found to differ between healthy individuals and insulin-resistant individuals (Haus et al. 2009; Rauschert et al. 2016; Wallace et al. 2014) . In addition, certain lipid subspecies were identified to be associated with alterations in nutritional intake levels and the obesity-related diseases (Eisinger et al. 2014a; Hanamatsu et al. 2014; Yetukuri et al. 2007 ).
In the past few years, lipidomics studies on plasma lipid composition of periparturient dairy cows have revealed associations between the changes in lipid profiles and the physiological adaptations. Imhasly et al. (2014 Imhasly et al. ( , 2015 reported that the concentration of triglycerides, phosphatidylcholines, lysophophosphatidylcholines, and sphingomyelins in the plasma of dairy cows changed significantly from 14 days prepartum to 28 days postpartum. The same authors identified that the concentrations of six PC subspecies in the plasma were highly correlated with the occurrence of hepatic lipidosis (Imhasly et al. 2014 ). In addition, sphingolipids including ceramides, monohexosylceramides, and lactosylceramides, were found to be elevated in the plasma with the increased adiposity in cows (Rico et al. 2015) .
Although analyses of gene expression in various tissues and lipidomic profiling of plasma have been conducted in the investigation of energy metabolism in dairy cows, the molecular mechanisms of IR during the periparturient period at tissue level has remained largely unknown. The main aim of the present study was to analyze the effects of prepartal overfeeding on the lipidomic profiles in the liver and in the AT in dairy cows during the periparturient period to find a novel insight into the molecular mechanisms underlying IR in dairy cows. It was hypothesized that prepartal dietary energy level significantly affects the concentrations of hepatic and AT lipid subspecies that are associated with IR.
Materials and methods

Animals, diets, experimental design and sampling
The feeding experiment involved 16 Finnish Ayrshire dairy cows in a randomized complete block design. The cows were paired according to their parity, body weight, and body condition score. The members of each pair were randomly allocated to one of two dietary treatments groups at 44 ± 5 days (mean ± SD) prior to the actual parturition date, thus one individual of each pair received the controlled-energy treatment and its partner received the highenergy intake treatment. The grass silage-based dietary treatments were controlled-energy diet (CON; 100% of energy requirement of pregnant dairy cows) and initially an ad libitum high-energy diet (HIGH) for 3 weeks. The actual mean energy intake of the HIGH group was initially 144% of energy requirement of pregnant dairy cows during the first 3 weeks of the experimental feeding. During the last 3 weeks before the predicted parturition the energy allowance of the HIGH group was sequentially decreased in decrements of 5% on alternate days.
Subcutaneous AT samples were collected by biopsy 8 d before the predicted parturition (11 ± 5 days in the actual operation) and 1 and 9 (±1) days postpartum (the three time points are represented as −8, 1, and 9 days in the following paragraphs in this paper). The liver biopsies were conducted immediately after the AT biopsies at −8 and 9 days. The feeding trial, feed composition and biopsies were described in more detail by Selim et al. (2014) . Liver samples were successfully collected from 13 cows at −8 days and from 11 cows at 9 days. AT samples were successfully collected from 15 cows at −8 days, from 12 cows at 1 day, and from 13 cows at 9 days, respectively. The data Page 3 of 14 21 of the liver samples of two cows were finally removed due to the health problems (sciatic nerve paralysis and prolonged inappetence) in these cows after the parturition.
Lipidomic profiling
Liver and AT biopsies were homogenized and extracted by using Covaris CryoPrep (Woburn, Massachusetts, USA) and Retsch Mixer Mill homogenizer (Retsch Gmbh, Haan, Germany), respectively. Lipidomic analyses were performed on a Waters Q-Tof Premier mass spectrometer combined with an Acquity Ultra Performance LC™ (UPLC). All solvents used were LC-MS grade, and the reference lipids were obtained from either Avanti Polar Lipids, Inc. (Alabama, USA) or Larodan Fine Chemicals (Solna, Sweden). Details of the analytical procedure are modified from Nygren et al. (2011) , as described in the supplementary material (Online Resource 1).
In total, from the liver samples 296 and 1325 masses were detected in the positive electrospray ionization mode (ESI+) and negative electrospray ionization mode (ESI−), respectively, and from the AT samples 541 and 603 masses were detected in ESI+ and ESI−, respectively (Online Resource Table S1 ). The lipids were identified based on an internal spectral library and were classified into ceramides (Cers), hexosylceramides (HexCers), sphingomyelins (SMs), triacylglycerols (TGs), diacylglycerols (DGs), cholesteryl esters (ChoEs), lysophophosphatidylcholines (LysoPCs), lysophosphatidylethanolamines (LysoPEs), phosphatidylcholines (PCs), phosphatidylethanolamines (PEs), and phosphatidylinositols (PIs). However, a substantial proportion of the detected masses remained unknown.
Calculations and statistical analyses
Statistical analyses within time points and FDR-calculation
The statistical analyses were performed using SAS software (release 9.3; SAS Institute, Cary, NC). The concentrations of all detected masses were log2-transformed to normalize the data. Subsequently, Analysis of Variance (ANOVA) between the feeding groups were performed on each variable within each sampling time point by using the PROC MIXED procedure. The model included diet as a fixed effect and block as a random effect. The normalities of all data were tested using the UNIVARI-ATE procedure based on the residuals of the fitted model.
The P values obtained from PROC MIXED procedure were adjusted by the PROC MULTTEST procedure with the AFDR option for the false discovery rate (FDR) calculation (Benjamini and Hochberg 2000) . After the FDR threshold calculation was performed, the lipid subspecies were sorted in ascending order using the adjusted P values. The threshold for the FDR indicates the percentage of false positives among the variables with adjusted-P lower than the threshold. In the four dataset from liver and AT, the thresholds of adjusted P values were not determined as fixed values, but as the P value of the specific detected mass that produced less than one false positive.
Principal component analysis-linear discriminant analysis of identified lipids in the liver and AT
A principal component analysis-linear discriminant analysis model (PCA-LDA) described by Fearn (2008) was applied and the log2-transformed concentrations of all the identified lipid subspecies for both ESI+ and ESI− for the liver and AT as the input was used. This entailed PCA-LDA for 262 subspecies from the liver ESI+, 65 subspecies from the liver ESI−, 55 subspecies from the AT ESI+, and 53 subspecies from the AT ESI− datasets. The subjects in the liver dataset were divided into four groups according to the experimental design and designated: CON −8 days, CON 9 days, HIGH −8 days, and HIGH 9 days. The data of the AT dataset were divided into six groups: CON −8 days, CON 1 day, CON 9 days, HIGH −8 days, HIGH 1 days, and HIGH 9 days. The PCA scores of all the variables were computed using the PROC PRINCOMP procedure in SAS and used as the input for LDA. The LDA process was iteratively repeated with increasing principal components as the input, starting from 2. The lowest number of principal components that contributed to 100% accurate classification in LDA were selected as the final input of LDA. The numbers of the principal components used in the LDA of the liver ESI+, the liver ESI−, AT ESI+, and AT ESI− were calculated to be 8, 10, 27, and 26, respectively. The LDA resulted in three PCA-LDA functions (PL functions) that accounted for 100% of the variation between the four groups in the two liver datasets and five PL functions that accounted for 100% of variation between six groups in the two AT datasets. The equation of these PL functions can be retrieved in the supplementary materials (Online Resource Table S2 ). The PL loadings obtained from the analyses reflected the correlation between the variables and the PL functions. Larger PL loadings indicated greater contributions of the variables to the variation between groups. After PCA-LDA, the variables were ranked by their contribution to the variation between groups caused by diet or time effects according to their corresponding PCA-LDA loadings.
Repeated measures ANOVA for identified lipid subspecies and the total concentrations of lipid classes
The total concentration of each lipid class was only calculated for the ESI mode which gave a higher number of detected subspecies. The total concentrations of SMs, TGs, DGs, LysoPCs, LysoPEs, PCs, PEs, and PIs in the liver datasets were calculated from ESI+ detection, whereas the concentrations of Cers and HexCers were calculated from ESI− detection. The total concentrations of ChoEs, SMs, TGs, LysoPCs, and LysoPEs in the AT datasets were calculated from ESI+ detection, whereas those of Cers, HexCers, PCs, PEs, and PIs were calculated from the ESI− detection. The concentrations of lipid subspecies and the total concentrations of lipid classes were log-2 transformed to normalize the data prior to the statistical analyses. The normality of the residuals of the transformed data were subjected to PROC MIXED and PROC UNIVARIATE procedures, using a model including diet as a fixed effect and block as a random effect. The normality of the variables that were not normally distributed after the transformation were repeatedly tested after the most deviated observation from the mean was removed until the normal distribution was achieved. Among the total concentrations of the lipid classes, two Cer observations (one at 1 day and one at 9 days), one SM observation (at −8 days), and one PE observation (at 9 days) were removed from the AT data. The repeated-measures ANOVA were performed using the PROC MIXED procedure, in which the treatments, times, and their interactions were set as the fixed effects, block and the interaction between block and time were set as random effects, and the animal was set as within-subject effect. Three covariance structures were used in the analyses of variables in the AT dataset, including compound symmetry (CS), unstructured (UN), and spatial power law SP (POW). The structure that gave the smallest Bayesian information criterion (BIC) was eventually selected. In addition, the slice option of MIXED procedure in the SAS software was used to test the effect of diet within each time point. The P values lower than 0.05 were considered as statistically significant and 0.05 < P < 0.10 was considered as a tendency toward significance.
Results
Effect of prepartal overfeeding on lipid subspecies profiles
Only a few detected masses in the datasets exceeded the FDR threshold calculation (Online Resource Table S3 -S6). Significant concentration differences between treatments were only found for seven detected masses at −8 days in AT ESI− dataset wherein 7 × 0.11529 (threshold, adjusted-P) produced less than 1 false positive (Table 1) . Five out of the seven significant lipids were Cer subspecies, with one PE and one unknown subspecies being the rest.
Contribution of lipids to the distinctness between groups
The lipidomic profiles of the liver and the AT presented clear distinctness after PCA-LDA. The first two PL functions contributed to 99.17% of the distinctness between all groups in the two liver datasets (Online Resource Fig. S1A , B). The first three PL functions contributed to 86.18 and 90.93% of the separation between all groups in AT ESI+ dataset and AT ESI− dataset respectively (Online Resource  Fig. S2A, B) . The PL2 of both liver datasets differentiated between the two feeding groups, whereas PL1 differentiated the time points. The lipidomic profiles of the two feeding groups in the AT datasets were categorized according to PL1 in ESI+ and by PL2 in ESI-. The lipidomic profiles on different time points were categorically separated by different PLs in the two feeding groups, which indicated that the lipidomic profiles in the two feeding groups may change following different patterns across the periparturition period. The plots of corresponding PL functions against the retention time of the lipids in MS provided an overview of the contribution of each lipid class made to the difference by diet effect in the PCA-LDA (Fig. 1) . The distinctness between feeding groups in the liver ESI+ dataset resulted from changes in levels of phospholipids, lysophospholipids, Cers, and SMs. In liver ESI− dataset, the separation between feeding groups was mainly Table 1 Lipids with significantly different concentrations between the two feeding groups All lipid species were taken from adipose tissue (day −8) and they were measured using negative electrospray ionization mode (ESI−). The values in the table were log 2 -transformed from the original concentrations (µmol/g tissue) CON controlled-energy feeding group, HIGH high-energy feeding group, Adjusted-P P-value after false discovery rate control, Cer ceramide, PE phosphatidylethanolamine resulted from phospholipids and Cers. The difference between the feeding groups in the two AT data sets was equally contributed to by the lipids. As the separation between time points was achieved by different PL in the two feeding groups, the analyses of PL loadings against retention time for the time effect were not processed in the AT datasets. The PL loadings of lipids indicated an abundance of lipids, and in very small concentrations loadings of lipids were not likely to have made a considerable contribution to the distinctness of the overall lipidomic profiles. The top 20 lipids that contributed most to each profile were picked up after the lipids were ranked according to the absolute value of the corresponding PL loadings (Tables 2, 3 ). The ranking indicated that the separation between feeding groups was mainly caused by PCs, PEs, LysoPCs, and LysoPEs in the liver ESI+ dataset, whereas the separation between time points was mainly caused by PCs, PEs, and TGs. The changes in Cer and PE quantities were the main contributors for the differentiation between both feeding groups and time points in the liver ESI− dataset. The differentiation between feeding groups for the AT ESI+ dataset was mainly contributed to by TGs. In AT ESI− dataset, Cers, PEs, and PIs accounted for the differences between feeding groups.
The significant ANOVA effects of the lipid subspecies of diet revealed a considerable proportion of the lipids to be in the liver (P < 0.05) (Online Resource Table S7 ). In contrast, only a few lipids displayed differences between feeding groups in AT (P < 0.05), which suggest a marked similarity of the lipidomic profiles between the two feeding groups in AT. The combination of PCA-LDA and repeated measures ANOVA enabled the selection of the lipids based on both their statistical and biological significance. The lipids that showed significant diet or time effects in the iterative ANOVA and which were ranked in the top 20 lipids in PCA-LDA were identified as the subspecies that explained most of the variation between diets or time points (Online Resource Table S7 ). Consequently, 12 lipids were identified as having contributed most to the distinctness between the feeding groups in the liver ESI+ dataset, including 1 LysoPE, 1 TG, 2 LysoPCs, 4 PCs, and 4 PEs ( Table 2) . Six lipids were identified as having contributed most to the separation between feeding groups in the liver ESI− dataset, including 1 Cer, 1 PC, and 4 PEs ( Table 2) . Fourteen lipids were identified as having contributed most to the separation between time points in liver ESI+ dataset, and these comprised 1 DG, 1 Cer, 1 SM, 3 TGs, 4 PCs, and 4 PEs ( Table 2) . Fifteen lipids contributed most to the separation between time points in the liver ESI− dataset, included 1 HexCer, 1 LysoPC, 3 PCs, 4 PEs, and 6 Cers ( Table 2) . Significant differences between feeding groups were observed in the AT but only one SM species in the top 20 lipids list of the ESI+ dataset was found and 3 Cer subspecies in the ESI− dataset were identified (Table 3) .
Effects of prepartal overfeeding on the concentrations of lipid classes
The HIGH group displayed higher hepatic LysoPC, LysoPE, PE, PI, and SM concentrations (P < 0.05) during the periparturient period than the CON group (Fig. 2) . Concentrations of PCs and total lipids tended to be higher in the HIGH group in this period (P < 0.10). It is noteworthy that the differences in the lipid concentrations between the two feeding regimes were mainly derived from the prepartum data. The HIGH group at −8 days had higher concentrations of LysoPC, PC, PI, SM, and total lipids (P < 0.05) and tended to have higher PE concentrations compared to the CON group (Fig. 2) . However, some of these differences diminished after parturition, and were characterized by only higher LysoPC and PE concentrations and a tendency towards higher SM concentration in the HIGH group compared to the CON group. The concentrations of PI, DG, TG, and total lipids increased for both groups after parturition (P < 0.05), whereas SM had a tendency to decrease across the time points (P = 0.10) (Fig. 2) . Prepartal overfeeding only increased the concentration of Cer in the AT of the HIGH group during the whole periparturient period (P < 0.05) (Fig. 3) . Prepartal overfeeding at specific time points resulted in higher Cer and PI concentrations and tended to increase PC and PE at −8 days. Increased levels of Cer and decreased levels of SM were found in the HIGH group at 1 day. However, all the differences between groups had diminished by 9 days (Fig. 3) . The concentrations of most lipid classes displayed no alteration when comparing both feeding groups during the periparturient period except that the concentrations of SM increased across time (P < 0.05). In addition, significant interactions or tendencies of interaction between diet and time were found for SM (P < 0.05), PC (P < 0.05), PE (P < 0.10) and PI (P < 0.05) (Fig. 3) . These interactions were presented as a delayed increase in SM concentrations in the HIGH group compared to the CON group, and decreases in the change of PC, PE, and PI levels between the two feeding groups (Fig. 3) .
Discussion
The effects of prepartal overfeeding on the lipidomic profiles of dairy cows on lipid subspecies and lipid classes were analyzed by using three different approaches, including the ANOVA between groups within time points on all lipid subspecies, PCA-LDA, and the repeated measures ANOVA of the total concentrations of lipid classes. The strict FDR threshold calculation in the screening of individual lipids enabled the identification of the subspecies that were most affected by the prepartal overfeeding. Only a very small proportion of lipids finally passed the threshold, i.e., seven lipids in AT at −8 days. These lipids can be interpreted as the most sensitive subspecies to the prepartal overfeeding and may have roles in the development of IR. The majority of the lipids that exceeded the FDR threshold were ceramides, which contain long-chain fatty acids of at least 20 carbons. The significant change of Cer profile caused by prepartal overfeeding was also confirmed by the other analytical approaches because Cer lipids were found to be affected by the diet by the PCA-LDA of the AT dataset and there was also a significant difference in Cer profiles in AT between the two feeding groups determined by the class-based analysis. Moreover, the class-based analysis showed that the difference in Cer concentrations between the two feeding groups in AT diminished after parturition, which could be attributed to the termination of overfeeding in the HIGH group at parturition. The elevation in Cer (16:0), Cer (24:0) and total Cer concentrations were previously reported in the plasma of overweight dairy cows compared to lean dairy cows (Rico et al. 2015) . It has been suggested that liver is the major source of plasma Cer (Lightle et al. 2003; Yamaguchi et al. 2004) . Although the classbased analysis of the liver displayed no significant difference in the hepatic Cer concentrations between CON and HIGH groups during the periparturient period, a number of Cer subspecies did contribute to the difference between the two feeding groups in liver ESI− dataset as determined by PCA-LDA. The reason for the different outcomes between the two analyses for the liver data could be that only Cers containing specific fatty acids were significantly altered by the prepartal overfeeding.
Ceramides have been studied as potential triggers for IR in the human and the mouse, thus they have been identified as a biomarker for diabetes in the human (Lappas et al. 2015) . The accumulation of ceramides were suggested to reduce the insulin-stimulated glucose transport in adipocyte cultures (Summers et al. 1998 ). The onset of insulin resistance in mice was found to be accompanied by increased local Cer concentration in the AT, when obesity was induced by a high-fat diet (Turner et al. 2013 ). On the other hand, the depletion of Cer de novo synthesis by a chemical inhibitor or the knockout of synthetic enzymes effectively improved the insulin sensitivity in mice (Holland et al. 2007; Yang et al. 2009 ). Further, in vitro and in vivo studies on the molecular level have demonstrated that Cers prevented the translocation of protein kinase B (Akt/PKB) in phosphoinositide 3 kinase (PI3-K) of the insulin signaling pathway through the activation of either protein kinase C (PKC) or protein phosphatase 2A (PP2A) in the muscle (Chavez et al. 2003; Fox et al. 2007 ). Therefore, the higher Cer concentrations found in our study may reflect greater magnitude of IR in AT of the HIGH group.
The concentration patterns of Cer in the AT found in the present study were similar for both feeding groups, which was characterized by an increase from −8 to 1 day followed by a decrease to a lower level compared to that at −8 days. Dairy cows have increased IR during late pregnancy and early lactation (Bell and Bauman 1997) . The decline in Cer concentrations in the AT may suggest decreased IR after the parturition. The change of Cers over the entire periparturient period reflected a potential transition in cellular processes, with parturition being a trigger for that transition.
As the most abundant complex sphingolipids in mammalian cells, SMs are synthesized by the transfer of a phosphocholine headgroup from PC to Cer, which yields another product DG at the same time (Gault et al. 2010) . Conversely, SM can be hydrolyzed to Cers when the reaction is mediated by acid sphingomyelinase (Kitatani et al. 2008) . Therefore, SM and Cer lipids are closely associated with each other through the biological conversion. The conversion between SM and Cer is regulated by various cellular stimuli. The evidence from in vitro studies suggest that the hydrolysis of SM to Cer was potentially promoted by oxidative stress (Gault et al. 2010) , adipokine tumor necrosis factor alpha (TNF α) (Dbaibo et al. 2001) , and by the inflammatory response that is induced by Tolllike receptor 4 (Holland et al. 2011) . The concentrations of SM lipids in the liver were found to be higher in the HIGH group compared to CON group during the periparturient period, which suggest reduced SM hydrolysis. Previously, increased concentrations of SM subspecies were found in the serum of obese humans with lower insulin sensitivity (Hanamatsu et al. 2014) . However, contrasting results were reported that showed decreased SM concentrations in the liver of obese mice with hepatic steatosis (Yetukuri et al. 2007) . It is noteworthy that the HIGH group did not have a decrease of hepatic Cer concentrations in response to the increase of SM species. Therefore, Cer lipids in the liver e The first PL function (PL1) indicated the contribution of the variables to the time effect in liver ESI+ dataset. f The first PL function (PL1) indicates the contribution of the variables to the time effect in the liver ESI− dataset. Cer ceramide, HexCer hexosylceramide. SM sphingomyelin, TG triacylglycerol, DG diacylglycerol, ChoE cholesteryl ester, LysoPC lysophophosphatidylcholine, LysoPE lysophosphatidylethanolamine, PC phosphatidylcholine, PE phosphatidylethanolamine, PI phosphatidylinositol ◂ may be produced through multiple pathways, including de novo synthesis pathway and salvage pathways (Merrill 2011) . The interaction between diet and time of SM in AT can be interpreted as a delay of increase in the HIGH group. Abuelo et al. (2015) demonstrated that oxidative stress is increased in dairy cows after calving, which potentially promotes the production of Cer species from SM. However, the concentrations of Cer lipids, decreased in both groups after parturition, which was in contrast to the change of SM concentrations across the time. This conflicting result suggests that production of Cers can be mediated by other pathways than SM hydrolysis or was dominantly mediated by other factors than oxidative stress.
Only a few LysoPC and LysoPE subspecies were identified in the liver and in the AT. However, the PCA-LDA results showed a small contribution of lysophospholipids to the difference in the hepatic lipidomic profiles between the two feeding groups. Although small, the total concentrations of LysoPC and LysoPE in the liver were significantly higher for the HIGH group from −8 to 9 days. Previously, the lipidomic profiling of dairy cow plasma indicated that the concentration of five LysoPC subspecies, required for very-low-density lipoprotein (VLDL) secretion, decreased from 2 weeks prepartum until parturition and then increased thereafter until 4 weeks postpartum (Imhasly et al. 2015) . Their results indicate the potential roles of LysoPC in metabolic adaptation of dairy cows during the periparturient period. Therefore, the difference in lysophospholipid concentrations between CON and HIGH groups may indicate differences in the physiological adaptation during the periparturient period. Specific LysoPC subspecies in humans and mice were found to be associated with insulin resistance. Pietilainen et al. (2007) demonstrated that LysoPC concentration was higher in the serum of the obese twin compared to that in the serum of normal-weight twin. Kim et al. (2011) also reported that LysoPC concentration was higher in the plasma of overweight humans compared to that of their normal-weight counterparts. However, the opposite result was reported by Wallace et al. (2014) : a finding that suggested humans with higher body Table 2 Top 20 lipids that contributed to the separation between the lipidomic profiles of HIGH and CON groups or the separation between various time points in the liver datasets P values were obtained from repeated measures of ANOVA by the SAS software
The bold text represents the species displaying significant diet or time effects in repeated measures ANOVA (P < 0.05)
The arrows (↑ and ↓) indicates the increase or decrease of lipid concentrations in the HIGH group compared to the CON group or the increase or decrease of lipid concentrations across the time, respectively
The ambiguous subspecies indicates that the lipidomic profiling gave two possible identifications of the lipid ESI+ positive electrospray ionization mode in mass spectrometry, ESI− negative electrospray ionization mode in mass spectrometry, Cer ceramide, HexCer hexosylceramid, SM sphingomyelin, TG triacylglycerol, DG diacylglycerol, LysoPC lysophophosphatidylcholine, LysoPE lysophosphatidylethanolamine, PC phosphatidylcholine, PE phosphatidylethanolamine, PI phosphatidylinositol, e the lipid contains an alkyl or alkenyl ether bond Wallace et al. (2014) also reported that plasma concentrations of these lipids were negatively correlated with homeostasis model assessment-estimated insulin resistance (HOMA-IR). The phospholipids identified in the liver and in AT included PC, PE, and PI subspecies. These phospholipids are required for the secretion of hepatic TG as VLDL particles in the liver (Vernon 2005) . They are also essential components of lipid droplets and thus their abundance may be related to the accumulation of TG. In addition, specific phospholipid subspecies were found to act as cell signaling messengers that regulate the action of PPARα (Chakravarthy et al. 2009 ). The plasma concentrations of PC species in dairy cows decreased from 2 weeks prepartum until parturition and then increased until 4 weeks after calving (Imhasly et al. 2015) . The same group reported in an earlier study that six PC subspecies may have significant roles in the variation of the plasma lipidomic profiles between healthy dairy cows and cows with a different degree of fat deposition in the hepatocytes (Imhasly et al. 2014) . They stated the decrease of PC (36:3), PC (38:3), PC (36:4) and PC (36:2) and the increase of PC (30:2) and PC (32:2) in the plasma of the cows with hepatic lipidosis in comparison to the healthy cows. Among these PC subspecies, increased concentration of PC (32:2) in the HIGH group was observed in liver ESI+ dataset in the present study.
Much more profiling on phospholipids has been conducted in human and mice suffering from obesity and associated metabolic diseases. Eisinger and colleagues analyzed the lipidomic profiles in the liver of mice and found lower concentrations of total PC, saturated fatty acids (SFA) PC, monounsaturated fatty acids (MUFA) PE, and various PI subspecies in high-fat fed mice compared with Table 3 Top 20 lipids that contributed to the differences between the lipidomic profiles of HIGH and CON groups or that between different time points in the AT datasets
P-values were obtained from repeated measures ANOVA in SAS
The bold text represents the species that have significant diet or time effect in repeated measures ANOVA (P < 0.05)
The arrows (↑ and ↓) indicate the increase or decrease of lipid concentrations in the HIGH group compared to the CON group or the increase or decrease of lipid concentrations across the time, respectively
The ambiguous subspecies indicates that the lipidomic profiling gave two possible identifications of the lipid ESI+ positive electrospray ionization mode in mass spectrometry, ESI− negative electrospray ionization mode in mass spectrometry, Cer ceramide, SM sphingomyelin, TG triacylglycerol, ChoE cholesteryl ester, LysoPC lysophophosphatidylcholine, PC phosphatidylcholine, PE phosphatidylethanolamine, PI phosphatidylinositol (Eisinger et al. 2014b ). The PC and PE subspecies also decreased in animals with steatohepatitis when compared with healthy animals (Koteish and Diehl 2001) . Specific PC and PE subspecies in humans were found to be potential predictor of type 2 diabetes in women with previous gestational diabetes mellitus (Lappas et al. 2015) .
The PCA-LDA revealed that phospholipids had significant contributions to the difference in hepatic and AT lipidomic profiles between the CON group and the HIGH group in our study. The increase or the tendency to increase in PC, PE, and PI concentrations in the liver caused by prepartal overfeeding were also identified in the class-based analyses. The rise of phospholipids in the liver of the HIGH group may suggest increased VLDL secretion from the liver during the periparturient period (Oikawa et al. 2010 ). Alternatively, it may indicate increased lipid deposition in the liver caused by the oversupply of energy based on the tendency for higher total lipid concentrations in the (Fig. 2) . The phospholipid concentrations in the AT tended to be higher for the HIGH group on −8 days compared to that of the CON group. The significant interaction between diet and time in the class-based analyses indicated that the concentration of phospholipids changed and exhibited opposite patterns in the two groups. This interaction was supported by the results from PCA-LDA, as no single PL function was able to explain the separation of lipidomic profiles by time in the both feeding groups. The different changing patterns of phospholipids across the time reflected the difference in the physiological adaptation in the two feeding groups.
The neutral lipids are the main components of the lipid deposition in mammals. The accumulation of TG has been observed in the liver of dairy cows with hepatic lipidosis in numerous earlier studies (Lubojacka et al. 2005; Murondoti et al. 2004) . The concentration of TG in the liver in our study increased dramatically across the time points, which indicates the accumulation of lipids in the liver after parturition was driven by the increased insulin resistance and greater adipose mobilization postpartum. As the DG is the intermediate in TG synthesis, the DG levels increased following a similar pattern after parturition. Moreover, the increase of lipid deposition in the liver found in the present study was also reflected by the significant elevation of total lipid concentration after parturition.
Conclusions
The dairy cows that received a high-energy diet from 6 weeks prepartum until parturition displayed altered lipidomic profiles in their livers and in their adipose tissue compared to the cows that received a controlled-energy diet. Prepartal overfeeding increased the concentrations of various phospholipids, lysophospholipids, and sphingomyelins in the liver during the periparturient period. The adipose tissue of the overfed cows had the higher concentrations of ceramides and displayed an opposite change of phospholipids profile after the parturition compared to the cows that received the controlled-energy diet. The increase of sphingomyelins in the liver and the increase of ceramides in the adipose tissue of the overfed cows potentially reflected the different magnitude of IR in the overfed cows compared to the cows in the controlled-energy diet. Therefore, the results of lipidomic profiling in this study provided a novel perspective on the molecular mechanisms underlying the insulin resistance in dairy cows during the periparturient period. Future studies should investigate the biosynthesis pathways of the lipids that were significantly influenced by prepartal energy level and also from the gene expression aspect to understand further the mechanism of IR in dairy cows.
